Three types of porous limestone from Sóskút quarry and two limestone types obtained directly from Matthias Church of Budapest (both in Hungary) were used to test the performance of five stone consolidants. The quarry specimens were treated under laboratory conditions by saturation. Three types of silicic acid ester, an aliphatic uretan resin and a polymethyl methacrylate were applied to the stone. Physical parameters such as density, porosity, ultrasonic sound velocity and Duroscope rebound value were measured on untreated and treated samples. The absorption rate of different consolidants was also detected. The physical properties of untreated and treated specimens were compared in order to analyze the performance of the consolidants. Duroscope tests have shown that after consolidation there is an increase in surface strength.
Introduction
The Miocene limestone from Sóskút was one of the most important raw materials for Hungarian architecture in the 19th and 20th centuries (Kertész 1982) . Several public buildings and churches were built using this highly porous stone, including the House of Parliament, St. Stephen's Basilica and the Mathias Church in Budapest. Miocene porous limestone was also a very popular building material in other parts of the Austro-Hungarian Monarchy during the 19th and 20th centuries: the Opera House in Vienna was constructed with it . Today these monuments exhibit varying degrees of decay, such as disintegration, weathering crust formation, scaling and flaking (Török 2002; Smith et al. 2003) . The stone deterioration is caused by air pollution-related chemical and physical changes (Török 2003) as well as by freeze-thaw cycles (Török 2007) . Stone consolidation is aimed at slowing down or stopping these adverse processes. The selection of the proper consolidant is one of the key challenges of restoration work. This paper gives an overview of the results of laboratory testing of consolidated and non-consolidated porous limestone samples. The consolidants were selected according to their commercial availability and their usage in stone restoration practice. Accordingly, three types of silicic acid ester, an aliphatic uretan resin and a polymethyl methacrylate were applied on five different types of limestone. The samples were gathered from Sóskút quarry (3 types) and two types of stone were collected from Matthias Church. The main aims of the experiments were to evaluate the performance of the consolidants and to detect physical changes related to consolidation.
Previous studies were carried out which dealt with silicic acid ester consolidation trials of sandstone (Malaga et al. 2004) , volcanic tuffs (Wendler et al. 1996; Forgó et al. 2006 ) and limestone (Kertész 1988; Lukaszewicz 2004) . Testing and comparative studies of various consolidants and limestone are also known from earlier studies (Alvarez de Buergo and Fort 2002; Steinhäuser and Wendler 2004; Ahmed et al. 2006) . In this study the results are compared to these previous tests and are evaluated with reference to the previous findings. The application of non-destructive laboratory testing in the assessment of the performance of consolidants is also discussed in detail.
Materials

Limestone
Textural analyses have shown that the studied porous limestone types are divided into three different fabric categories: i) coarse-grained bioclastic limestone, ii) medium-grained oolitic-micro-oncolitic limestone and iii) finegrained oolitic limestone (Fig. 1) . Two types of coarse-grained (represented by the codes CA and CB), a medium-gained (identified with M) and two fine-grained types (represented by FA and FB) were used for the laboratory tests (Table 1) . The coarse-grained type exhibits a bioclastic ooidal grainstone texture with large (up to cm-size) shell fragments. Its pore system consists of large mm to cm-size intergranular and smaller intragranular pores. Pore spaces are only partly occluded by sparitic calcite cements; the apparent porosity is 27 to 28v%, while the effective porosity is only 11 to 17m% (Table 1 ). The medium-grained oolitic limestone (type M) contains well-rounded ooids and micro-oncoids of 300 Z. Pápay, Á. Török 0.1-0.3 mm in diameter. The fabric is ooid grainstone. The pores are mostly intergranular, with mean pore sizes of less than 0.01 mm (Pápay and Török 2007) . A thin rim of sparitic calcite cement is often observed on pore walls. Its apparent porosity is 27%, while its water absorption is just above 16% ( properties. The one from the quarry (FA-type) contains micritized peloids and small ooids with peloidal-ooid grainstone/packstone fabric. According to poresize distribution analyses, the most frequent pores are larger than 0.01 mm, but micro-pores are also very common (Pápay and Török 2007) . The apparent porosity and water absorption rate shows large scatter (10-24% and 4 to 14%, respectively), due to textural differences ( Table 1) . The other studied fine-grained oolitic limestone (FB-type) is an ooid-grainstone with rounded carbonate particles ooids of 0.05-0.1 mm in size, apparent porosity of over 30% and effective porosity of nearly 20% on average (Table 1) .
Consolidants
All the consolidants were used in their liquid form. The most important parameters of the applied consolidants are listed in Table 2 . Three consolidants out of the tested five have the same base, silicic acid ethyl (SAE) ester, but the solvents have different rates of dilution. SAE 1 consists of 20 m%, SAE 2 contains more than 95 m%, while SAE 3 has 85 m% of silicic acid ester ( Table 2 ). The solvent is an aliphatic carbohydrate. Silicic acid esters are compounds of quartz (SiO 2 ) and ethyl alcohol (C 2 H 5 OH). The binding mechanism is related to an evaporation process of the solvent and hydrolysis with water vapor. When the alcohol evaporates silica-dioxide is formed in the presence of water vapor. The reaction product is a silica gel that is formed in the pores, providing an additional bond between the particles. The three-dimensional silica gel builds up in several steps and by polymerization processes; it forms gel plates that are chemically bonded with the surfaces of minerals within the pores (Wendler 2001) . Aliphatic uretan resin (AUR) as a 50% solution in white spirit and a polymethyl methacrylate, Paralloid B72 (PMMA) as a 4% solution in nitro-thinner, was also used for the tests (Table 2) .
Methods
Cylindrical specimens with a diameter of 4.5 cm and a height of 4.5 cm were used for the tests. Prior to consolidation, trial samples were divided into analytical groups according to their physical parameters, such as apparent Table 2 Stone consolidants and their properties density and ultrasonic sound velocity. The grouping aimed at minimizing the minor lithological differences, so as to obtain samples with a similar range of properties. The consolidation tests were performed by saturation under atmospheric pressure. Full saturation of the pores was controlled by continuous weight measurements. The physical parameters were analyzed on untreated and treated specimens. Bulk density and apparent porosity were determined according to the MSZ EN 1936:2000 norm. Ultrasonic sound velocity measurements (GeoTron UKS 12-type) were performed following the instructions given by the MSZ EN 14579:2005 standard. Changes in physical parameters, namely density, porosity, water content, and ultrasonic sound velocity were used to evaluate the performance of the consolidants. The efficiency of the strengthening agent is often marked by an increase of the ultrasonic sound velocity (Pápay and Török 2007) . Water and consolidant absorption were measured by saturation (norm MSZ EN 13755:2002) and capillary rise (procedure described in norm MSZ EN 1925 :2000 . Water absorption tests are often applied to test the efficiency of consolidants by comparing the untreated and treated specimens (Meinhart-Degen and Snethlage 2004; Cnudde et al. 2007 ). The method of capillary rise is aimed at evaluating the penetration depth of the different consolidants in comparison to water (Lukaszewicz 2004) . Duroscope rebound test were performed to analyze the surface strength of the samples. The method has been described in details by Török (2003) .
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Results
Capillary-rise absorption
Figures 2-6 show the capillary absorption curves of the various consolidants with reference to water absorption of non-treated samples under atmospheric pressure. The graphs illustrate that there are significant differences between the penetration of consolidants within the same type of limestone and in between various limestone types. The steeper curve indicates faster penetration. For all samples water absorption is more rapid than that of consolidants. With one exception (FB-type; Fig. 3 ) SAE1 shows the most rapid absorption rate among all applied consolidants (Figs 2, 4, 5, 6 ). The absorption of aliphatic uretan resin (AUR) in tested porous limestone is relatively slow compared to other consolidants (Figs 2, 4, 5) . The detected capillary rise of AUR is less than 1.5 cm in 2.5 hours and less than 2 cm in 24 hours in the FA type limestone (Fig. 2) . When comparing the penetration rate of all consolidants in various lithologies, the fastest penetration rate was observed in the fine-grained FB-type (Fig. 3) , and the slowest in the fine-grained FA-type (Fig. 2) . Independently from the type of stone a decreasing order of absorption rate was detected from SAE, PMMA to AUR, where SAE has the fastest, and AUR the slowest, capillary rise.
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Central European Geology 50, 2007 304 Z. Pápay, Á. Török Central European Geology 50, 2007 Table 3 summarizes the tested physical parameters. Beside bulk density, the absorbed amount of "wet" consolidant is also listed with reference to the mass of the test samples. Following consolidation, the evaporation of solvent, or after termination of the chemical reactions, the amount of precipitated "solid phase" consolidant, were also documented and then listed in Table 3 . When these values of absorbed "wet" consolidant and the percentage of precipitated "solid" consolidant are compared, it becomes clear that from PMMA only 3 to 6% of solids precipitate in the pores of the limestone, while from AUR 12 to 14% of resin, and from SAE1 13 to 17% of silica gel is formed in the pores. From SAE2 nearly 34% and from SAE3 more than 45% of silica gel is formed within the pores (Table 3) . SAE consolidants increased the density of the porous limestone the most, while AUR caused smaller increase in bulk density values (Table 3) .
Changes in physical properties
The increase of the Duroscope rebound values (surface strength) of consolidated samples was the most significant when AUR was applied. Increases of 20.8% for FA, 140% for M, 44.4% for CA were measured (Fig. 7) . Negligible changes in Duroscope rebound values were found for one type of fine-grained (FA) and one type of coarse-grained (CA) limestone when SAE 1 was applied (Fig.  7) . At the same time increased Duroscope rebound values were measured on SAE 1-treated FB, M and CB limestone types. From these changes it is especially 306 Z. Pápay, Á. Török Central European Geology 50, 2007 Fig. 6 Capillary-rise absorption of untreated and treated CB-type coarse-grained limestone
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Central European Geology 50, 2007 Table 3 Physical properties of untreated and consolidated limestone types noticeable that the rebound value more than doubled with SAE 1-treated FB limestone (Table 3 ). The same trend was observed for SAE 2 and SAE 3-treated fine-grained FB limestone, while the increase in Duroscope rebound values are far less for the coarse-grained lithotypes with respect to SAE treatments (Fig. 8) .
Ultrasonic sound velocities do not reflect the same trend as Duroscope rebound values. Slight increase in velocities were measured for SAE 1-treated specimens (with one exception), while specimens that were consolidated by using AUR and PMMA show 12.0-13.8% and 0-16.7% of positive change in ultrasonic sound velocities (Table 3 , Fig. 9 ).
Discussions
Of all tested consolidants the SAE ones show the fastest absorption rate. This can be explained by the properties of the SAE fluid. Although the density of SAE is the highest among the tested consolidants (Ahmed et al. 2006) its viscosity is in the order of 2.8 mPas, which is one of the lowest. Indeed SAE has a far greater capability of penetrating smaller pores as well as the ability to fill micropores, resulting in a more rapid capillary rise, and in a pumping force that allows rapid capillary rise. The properties of liquid ready-to-use SAE are thus more similar to water than that of the other consolidants. AUR and PMMA are dissolved in 308 Z. Pápay, Á. Török Central European Geology 50, 2007 various solvents prior to their usage and these solvents moisturize the pore walls less than SAE, causing slower capillary rise of these consolidants. Fabric and pore-size distribution significantly control the absorption properties of stone. When the pore-size distribution of the tested limestone types are considered, the previous test showed that in fine-grained limestone (FA-type) pores larger than 10 µm are the most common (Pápay and Török 2007) , while in the coarse-gained type, although larger individual pores are found, pore sizes in the order of 10 µm are less common ). Water absorption tests have shown that finegrained types are subject to slower absorption compared to medium and coarsegrained ones (Figs 2-6 ). Although the absorption is slower, fine-grained types (especially the FB-type), due to its high porosity absorbs significant amounts of water and consolidants (Table 1 and Table 3 ). Consequently the pore size distribution is responsible for water transport properties of stone (Fitzner and Basten 1994) and thus significantly influences the durability as well. The consolidation causes a shift in pore size distribution (Hilbert 1999; Wendler 2001; Forgó et al. 2006) . The change of pore size distribution depends not only on the molecule size of the particular consolidant, but also on the binding mechanism and on the post-consolidation processes acting in the consolidants (Hilbert 1999) .
The amount of absorbed consolidant is not necessarily proportional to the increase in physical parameters. When changes in density are considered it seems that, for most tested stone types, SAE caused the greatest increase in density. This corresponds to the highest increase in ultrasonic sound velocity (Table 3 , Fig. 9 ). However, Duroscope rebound values (i.e. surface strength values) increase the most with AUR-treated samples and not with SAE-treated ones. This fact can be explained by the different nature of SAE and AUR. While SAE can penetrate into smaller pores and pores that are found within the specimens, AUR often forms a cemented zone in the outer layers of samples and does not penetrate deeply. This causes an increase in surface strength (Fig. 7) , but a less significant augmentation of ultrasonic pulse velocity (Fig. 9) than SAE. The smallest increase in ultrasonic pulse velocity indicates deep-lying pores that were not filled by AUR.
It appears that the stone can absorb higher amounts of liquid-phase PMMA than SAE, but a larger amount of precipitated solid-phase SAE than of PMMA was found in the pores of tested limestone types (Table 3) . Thus the liquid phase of PMMA evaporates more readily than that of SAE, and a greater amount of solid-phase SAE consolidant remains in the pores. With one exception this can be shown from ultrasonic pulse velocities, since SAE-treated samples have higher US values (Fig. 9) . Duroscope rebound values do not reflect a clear trend from that point of view. When the various SAE consolidants are compared ( Table 2 ) it seems that SAE 2, in which the highest amount of silicic acid ester (95 m%) is found, did not necessarily cause the highest increase in Duroscope rebound and US velocities. For fine-grained limestone types, however, SAE 3 (which contains 85 m%), and for coarse-grained limestone SAE 1 (which has the lowest silica acid ester content with 20 m%), were the most effective (Table 3 , Fig. 8 ). Consequently, according to laboratory tests it is necessary to adjust the silica acid ester content of the SAE consolidant for each type of porous limestone.
The experiments listed above demonstrate the importance of laboratory consolidation trials before in situ application of any consolidant on monument stone.
Conclusions
Porosity, and especially pore-size distribution, of these limestone types controls the absorption capacity of water and consolidants. The amount of absorbed consolidant is not inevitably proportional to the increase in physical parameters. This depends on several parameters, including the ability of the consolidant to penetrate into pores, the variable evaporation rate of solvents of the consolidants, and the different mechanisms of chemical bonding between the consolidant and stone. SAE, and especially the dilute form of SAE (20m% silica acid ester content), has the highest penetration rate of all tested consolidants. From the absorbed 5-14.1% of SAE, approximately 0.9 to 2.2% of solid phase silica gel is formed within the pores of limestone. AUR forms a cemented crust on the test samples, causing an increase in surface strength but a less significant increase in ultrasonic pulse velocities. PMMA seems to be less effective in consolidating these porous limestone types. The laboratory tests have proved that prior to stone 310 Z. Pápay, Á. Török consolidation in monuments, it is necessary to carry out laboratory test trials to select the most appropriate consolidants, since no 'universal' recipe is known for any stone type. Additionally, these tests have demonstrated that commonly used non-destructive tests do not necessarily reflect the efficiency of consolidation.
